Mesenchymal stem cells (MSCs) are multipotent cells that are capable of differentiating into osteoblasts, chondrocytes, and adipocytes, as well as cells of other mesodermal lineages[@b1]. MSCs can be recruited to sites of inflammation and tissue repair; therefore, the role of MSCs in regenerative medicine and their potential use as tools for gene delivery have been studied extensively[@b2]. MSCs are also known to migrate to the tumor microenvironment. Much research attention has been given to determining the role of MSCs in cancer progression or treatment; however, the relationship between MSCs and tumor cells remains unclear. Whether MSCs support or inhibit tumor growth has not been determined. MSCs inhibit proliferation and apoptosis of tumor cells[@b3]. However, some studies have also shown that MSCs can favor tumor growth *in vivo* by promoting tumor vascularization[@b4][@b5].

Extracellular vesicles (EVs) are microparticles and bilipid membrane vesicles of endosomal origin[@b6] that are secreted from various cell types. They are released into the extracellular space and then enter the vascular system or various biological fluids[@b7]. EVs are now recognized as nano-sized particles containing proteins, lipids, and genetic material (mRNA and miRNA). These particles are transferred between cells as a method of intercellular communication[@b8][@b9][@b10]. EVs contain various proteins and RNAs that reflect the contents and functions of the source cells. Currently, investigation of whether EVs can be employed as diagnostic or therapeutic agents is ongoing. In addition to studying their innate therapeutic features, experiments using engineered EVs have also been exploited[@b6][@b11][@b12][@b13].

MSC-derived extracellular vesicles (EV-MSC) have unique properties and are characteristic of functional MSCs[@b14]. EV-MSCs have been suggested as an alternative to MSCs for treating various conditions such as kidney, cardiac, and brain injuries[@b15][@b16][@b17]. Some *in vitro* studies have demonstrated that human EV-MSCs inhibit cancer cell proliferation in hepatomas, sarcomas, and ovarian and bladder tumor cells[@b18][@b19]. One study showed that EV-MSCs transport miRNA, proteins, and metabolites to cancer cells[@b10]. The mesenchymal differentiative phenotype of MSCs involves several mRNAs associated with numerous cell functions regarding the control of transcription, proliferation, and immune cell regulation[@b20]. Moreover, gene ontology analysis of predicted and validated targets of the miRNAs present in EVs suggests their potential involvement in multi-organ development, survival, differentiation, and regulation of the immune system[@b21]. In addition, EV-MSCs represent an unappreciated mechanism of intercellular signaling within the tumor microenvironment that may be relevant for the biological effect of MSCs on tumor growth; however, this requires further study[@b22]. EVs include exosomes and shedding microvesicles (MVs) carry membrane and cytoplasmic constituents of their parental cells, and have been described as a novel mechanism of cell-to-cell communication[@b23][@b24]. Stem cells are able to release EVs containing specific mRNAs and miRNAs that are transferred to target cells by receptor-mediated mechanisms[@b10][@b21][@b23][@b25][@b26]. Studies have demonstrated that administering MVs may have some advantages over directly administering MSCs, because MSCs can differentiate into stromal fibroblasts that favor tumor growth; however, MVs can inhibit tumor cell cycle progression without this risk[@b27][@b28].

Lung cancer is commonly diagnosed and is a leading cause of cancer-related mortality in both men and women globally[@b29]. Although multimodal treatments are being used to combat cancer, cancer-related death has increased worldwide and there is an unmet need to find efficacious therapeutic strategies for lung cancer.

Although the use of EVs for cancer therapy has been well-studied for optimization, monitoring the therapy is important for success because targeting the EVs to the tumor is essential *in vivo*. Despite extensive research, few studies have analyzed EV distribution, and thus little is known about their *in vivo* trafficking. Recent studies have labeled EVs for *in vivo* imaging; however, labeling procedures may cause changes in functional aspects of the EVs. When fluorescent dyes like PKH are used for EV lipid labeling, they may not reflect the true half-life of EVs and can be retained in other lipid entities for long periods, thus misguiding the spatiotemporal assessment of EV dynamics especially over long periods. Here, we designed a highly sensitive *Renilla* luciferase (Rluc) reporter system that enables multimodal EV imaging and monitoring *in vivo*. We developed bioluminescent EVs using Rluc-labeled MSCs to visualize the EVs in a mouse lung cancer xenograft model. We also evaluated the therapeutic effect of EVs in this murine lung cancer model using *in vivo* optical imaging.

Results
=======

Characterization of MSC/Rluc cells
----------------------------------

The Rluc gene was stably transduced into mouse bone marrow-derived MSCs using Rluc-expressing lentiviral particles ([Suppl. Figure 1A](#S1){ref-type="supplementary-material"}). The bioluminescent imaging (BLI) signal was higher in MSC/Rluc cells than in parental MSCs, and increased in a cell number-dependent manner ([Suppl. Figure 1B](#S1){ref-type="supplementary-material"}; R^2^ = 0.90). The presence of Rluc protein was confirmed by western blot analysis in MSC/Rluc cells, and no band was observed in parental MSCs ([Suppl. Figure 1D](#S1){ref-type="supplementary-material"}). Furthermore, Rluc mRNA transcript expression in these cells was analyzed by RT-PCR. Rluc gene expression was detected in MSC/Rluc cells but not in parental MSCs ([Suppl. Figure 1C](#S1){ref-type="supplementary-material"}). These results confirmed that Rluc was stably expressed in the MSC/Rluc cells. Next, we confirmed the expression of MSC phenotype markers on these cells using flow cytometry. The MSC/Rluc cells expressed Sca-1, CD29, CD34, and were negative for CD117 ([Suppl. Figure 1E](#S1){ref-type="supplementary-material"}). We also analyzed the differentiation potential of MSC and MSC/Rluc cells. MSC and MSC/Rluc cells stained positively for Alizarin Red S after differentiation treatments ([Suppl. Figure 1F](#S1){ref-type="supplementary-material"}) for 14 days. The calcium deposits appear as bright orange-red stained areas in the light microscopy images. Both differentiated cultures stained positive (1F (ii) and 1F (iv)) whereas no stain was detected in undifferentiated control cells. These results confirmed that MSC/Rluc cells were capable of osteogenic differentiation, similar to parental MSCs. Furthermore, we compared the proliferation rates of MSC/Rluc cells and parental MSCs. The proliferation rate of MSC/Rluc cells was similar to the rate of parental MSCs after 48 h ([Suppl. Figure 1G](#S1){ref-type="supplementary-material"}).

LLC-effluc activity *in vitro*
------------------------------

LLC-effluc activity, visualized by an IVIS system, increased with increasing cell numbers compared to parental LLC cells ([Suppl. Figure 2A](#S1){ref-type="supplementary-material"}). The quantitative data ([Suppl. Figure 2B](#S1){ref-type="supplementary-material"}; R^2^ = 0.98) shows a sequential increase in effluc activity. These results confirmed the presence of effluc protein activity in the stable LLC-effluc cells.

Characterization of EV-MSC/Rluc
-------------------------------

To investigate the effects of MSC and MSC/Rluc derived EVs on tumors, we first isolated EVs from culture supernatants of these cells. The successful purification of MSC/Rluc-derived EVs was examined by western blotting. First, we compared the protein expression profiles of EVs derived from MSC and MSC/Rluc cells with the profiles of their corresponding donor cells. Equal amounts of proteins extracted from MSC and MSC/Rluc derived EVs were separated by 10% SDS-PAGE and stained with Coomassie Blue ([Fig. 1A](#f1){ref-type="fig"}). As shown in [Fig. 1B](#f1){ref-type="fig"}, MSC/Rluc cells and EVs were positive for expression of Alix, a multivesicular body marker. CD63 was detected in EV-MSC/Rluc, whereas GM-130, a Golgi marker, and calnexin, a marker of endoplasmic reticulum, were not detected. The purity of EVs was thus confirmed. Fractions of putative EVs were isolated from conditioned media of MSC and MSC/Rluc cells to investigate the paracrine effect of MSCs via EV release. High-resolution transmission electron micrographs showed that MSC and MSC/Rluc derived EVs exhibited rounded and lipid bilayer structures with a mean size of approximately 100 nm ([Fig. 1C](#f1){ref-type="fig"}). Nanosight analysis was performed to further define the size of these EVs, and the size distribution profile displayed a mean size of around 100 nm for EV-MSC and EV-MSC/Rluc ([Fig. 1D](#f1){ref-type="fig"}). These results demonstrated the successful purification of EV-MSC and EV-MSC/Rluc.

Next, we confirmed Rluc activity in the EVs using different concentrations of EV-MSC/Rluc and EV-MSC by IVIS upon adding coelenterazine (CTZ). Rluc activity was detected in EV-MSC/Rluc, whereas no bioluminescence was detected in EV-MSC ([Fig. 2A](#f2){ref-type="fig"}). The Rluc activity of EV-MSC/Rluc increased with increasing concentration (10, 15, and 20 μg EVs) compared to EV-MSC upon quantification ([Fig. 2B](#f2){ref-type="fig"}; R^2^ = 0.99). In addition, we confirmed the presence of Rluc proteins in EV-MSC/Rluc by western blotting ([Fig. 2C](#f2){ref-type="fig"}). Furthermore, we also performed a dot blot analysis for Rluc ([Fig. 2D](#f2){ref-type="fig"}). The Rluc protein increased between adding 4.5 μg and 9 μg EV-MSC/Rluc.

Cellular uptake of EV-MSC/Rluc into LLC-effluc cells
----------------------------------------------------

To study the internalization of EV-MSC/Rluc by LLC cells, EV-MSC/Rluc were labeled with the fluorescent dye DiD. DiD-labeled EV-MSC/Rluc were incubated with LLC cells for 4 h and cellular uptake of EV-MSC/Rluc was observed by confocal laser microscopy ([Fig. 3](#f3){ref-type="fig"}). We found that DiD-labeled EVs were localized in the LLC cells, indicating that EV-MSC/Rluc were internalized into tumor cells.

Effect of EV-MSC and EV-MSC/Rluc on LLC luciferase activity and viability of other cancer cell types
----------------------------------------------------------------------------------------------------

LLC-effluc cells were treated with EV-MSC and EV-MSC/Rluc for 24 h, and then LLC-effluc activity was measured by IVIS imaging ([Fig. 4A--D](#f4){ref-type="fig"}). Various concentrations of EV treatment significantly decreased the viability of LLC-effluc cells. EVs treatment at 5, 10, and 20 μg significantly decreased the LLC-effluc activity (*p* \< *0.05*, *0.001*), compared to untreated LLC-effluc cells. The present results confirmed that EVs from parental MSC and Rluc labeled MSC have a similar effect. We also analyzed the therapeutic effect of EV-MSC and EV-MSC/Rluc on other cancer cell types such as melanoma, cervical, breast, and colon cancer, and we found that the breast cancer cell line 4T1 exhibited significantly decreased viability upon EV treatment compared to other types of cancer cells ([Suppl. Figure 3](#S1){ref-type="supplementary-material"}).

Effects of EV-MSC/Rluc on LLC cell apoptosis
--------------------------------------------

Flow cytometric analysis of FITC-Annexin V staining was performed on LLC cells to assess the apoptotic effects of EV treatment ([Fig. 4E](#f4){ref-type="fig"}). LLC cells were treated with EV-MSC/Rluc at 10 or 20 μg/mL for 24 h. After 24 h, cells were incubated with FITC-Annexin V in a buffer containing propidium iodide (PI) and then were subjected to flow cytometric analysis. Untreated cells were primarily FITC-Annexin V- and PI-negative, indicating that they were viable and not undergoing apoptosis. After 24 h treatment with EVs, two populations of cells were observed. Viable cells that were not undergoing apoptosis (FITC-Annexin V and PI negative) constituted 84% and 76% of the total population in cells treated with 10 and 20 μg/mL EV-MSC/Rluc respectively. In contrast, cells undergoing early apoptosis (FITC-Annexin V positive and PI negative) constituted 14.22% and 19.52% of the total cell population treated with 10 or 20 μg/mL EV-MSC/Rluc, respectively, compared to untreated control cells (*p* \< *0.05*, *0.001)*. Therefore, the present study confirmed that EV-MSC/Rluc treatment induces apoptosis in LLC cells.

Mechanism of EV-MSC/Rluc on LLC apoptosis
-----------------------------------------

To determine the EV-MSC/Rluc-mediated cell death mechanism, we examined ERK1/2. [Figure 4F](#f4){ref-type="fig"} depicts the western blot analysis for ERK, phosphorylated ERK, cleaved caspase 3, and cleaved PARP in cells treated with or without EVs. In the present study, EV-MSC/Rluc treatment increased the levels of cleaved caspase 3 (8.4 fold), and PARP (6.5 fold). ERK1/2 is involved in one of the mitogen-activated protein kinase (MAPK) pathways that promote cell cycle progression. In this study, EV-MSC/Rluc decreased pERK1/2 levels (0.03 fold); however, it did not change total ERK levels. The observed decrease in pERK1/2 explains the reduction in LLC, cell viability, and induction of apoptosis.

*In vivo* visualization of EV-MSC/Rluc and the anti-tumor effect of EVs on LLC tumors
-------------------------------------------------------------------------------------

To determine the effect of EVs on tumor growth *in vivo*, immune-competent (C57BL6) mice were utilized. Intratumor injection of 50 μg EV-MSC/Rluc was performed at days 21 and 26 after xenograft implantation. A schematic diagram of the *in vivo* study is depicted in [Suppl. Figure 4](#S1){ref-type="supplementary-material"}. The Rluc activity of mice injected intratumorally with EV-MSC/Rluc is shown in [Suppl. Figure 5](#S1){ref-type="supplementary-material"}. Rluc activity of EV-MSC/Rluc was successfully visualized in LLC tumors. The LLC-effluc activity of the tumors upon IVIS imaging is shown in [Fig. 5](#f5){ref-type="fig"}. Five days after the second injection of EV-MSC/Rluc, the LLC-effluc activity was analyzed. The LLC-effuc activity of the EV-MSC/Rluc treated group was decreased compared to the activity of the vehicle-treated group ([Fig. 5A,B](#f5){ref-type="fig"}) on day 26 (*p* \< *0.05*) and day 32 (*p* \< *0.05*). The tumor weight ([Fig. 5C](#f5){ref-type="fig"}) in the EV-MSC/Rluc-treated group was also decreased significantly compared to the vehicle-treated group (*p* \< *0.05*). In addition, the *ex vivo* effluc activity ([Fig. 5D,E](#f5){ref-type="fig"}) of EV-MSC/Rluc treated tumors was also decreased significantly compared to effuc activity in control tumors (*p* \< *0.001*).

Discussion
==========

In the current study, we demonstrated the presence of the Rluc reporter protein in EVs derived from Rluc-expressing MSCs, as well as the visualization of EV-MSC/Rluc in the LLC-xenograft tumor model. We also studied the anticancer effect of EV-MSC/Rluc, and to our knowledge, this is the first study to examine MSC-derived EVs with an Rluc reporter. EVs, or exosomes, are nano-sized vesicles of endocytic origin and are released by multiple cell types to function as mediators of intercellular communication by transferring RNA and proteins[@b30][@b31]. MSC-derived EVs carry a large cargo load and protect their contents from chemicals or degradative enzymes[@b32]. Microparticles derived from MSCs could represent a novel therapeutic tool. These vesicles have significant effects on target cells, and this treatment approach has been exploited in many diseases, such as cardiovascular diseases, renal diseases, and cancer[@b6][@b18][@b32][@b33].

First, we successfully transduced the Rluc reporter gene into MSCs and isolated EVs from the culture supernatant of these MSC/Rluc cells. We observed that MSC-derived EVs showed unique protein expression patterns as reported by studies with other cells[@b34][@b35]. The EV purity was confirmed by western blot analysis for CD63, which is a positive marker of EVs[@b36]. Alix is a cargo protein of the multivesicular body (MVB) that was observed in both cells and EVs. Further, the absence of GM130 and calnexin in EVs showed that they were free from contamination with cell organelles. These results confirmed that the EVs isolated from MSC/Rluc cells were pure. The size and morphology of EVs were examined with TEM, and the mean size of EV-MSC and EV-MSC/Rluc, as confirmed by NanoSight analysis, was about 100nm, which is similar to the findings of previous studies[@b37][@b38][@b39].

Further, we confirmed Rluc activity and the presence of Rluc protein in the EV-MSC/Rluc. These results suggest selective distribution of the reporter protein in EVs and support the observations of previous studies with other reporter proteins[@b40][@b41]. Therefore, these results showed that this novel bioluminescent reporter protein can be used to label EVs.

MSCs can be isolated from different sources, mainly the bone marrow and adipose tissue, and can differentiate into various cell types of the mesodermal lineage. The characteristics of MSCs make them good candidates for therapeutic intervention in regenerative medicine or immunologic disorders[@b42]. Furthermore, MSCs have the potential for oncologic application as they are known to inhibit tumor progression when administered into established tumors[@b43][@b44][@b45]. However, MSCs also can have oncogenic potential, as was found for several tumor types, including osteosarcomas, lipomas, and gastric adenocarcinomas[@b46][@b47][@b48], strongly suggesting their involvement in tumor development. Therefore, any clinical application of MSCs needs to be evaluated cautiously. In addition, the timing of MSC injection is crucial for therapeutic intervention[@b22]. Some studies have demonstrated that the co-injection of MSCs with tumor cells promotes tumor growth[@b49][@b50]. Therefore, administering EVs may have some advantages over administering MSCs. There is growing interest in using EVs as biological delivery vehicles. EVs can be taken up by acceptor cells, and thereby a number of cellular processes can be altered[@b51]. In the present study, EV-MSC/Rluc were taken up by LLC cells, as confirmed by confocal imaging. Alvarez *et al.* provided the first proof-of concept for biotechnological exploitation of EVs[@b13]. Christianson *et al.* reported that exosomes mediate intercellular transfer by cell surface heparin proteoglycans, however the mechanism of exosome uptake and function on target cells remains unknown[@b52]. The internalized exosomes reside in common vesicular structures containing syndecan and glypican, indicating that heparin proteoglycans act as internalizing receptors for exosomes[@b52].

There is evidence that EVs do not elicit acute immune rejection; they are non-viable, and thus they do not have tumorigenic potential. MSC-derived EVs can be mass-produced in culture and can be incorporated with multiple therapeutic miRNAs, thus enabling personalized treatment[@b51][@b53][@b54]. Moreover, MSC-derived EVs have no risk of aneuploidy, teratoma formation, or immune rejection after allogeneic administration *in vivo*[@b20][@b55][@b56]. Hence, use of MSC-derived EVs for disease treatment is a promising therapeutic strategy. In the present study, exposure to EV-MSC/Rluc resulted in inhibition of LLC tumor growth *in vitro* and *in vivo.* EV-MSC and EV-MSC/Rluc significantly inhibited LLC-effluc activity with increasing concentrations. In addition, we analyzed the effects of EV-MSC and EV-MSC/Rluc on the viability of other cancer cells and found that 4T1 cells were significantly inhibited by EV treatment; however, no significant changes were observed in other cancer cells such as B16F10, TC-1, and CT26. Although MSC-derived EVs are not effective on all types of cancers, they have definitive therapeutic effects on certain types of cancers. Further, induction of LLC cell apoptosis was observed upon EV-MSC/Rluc treatment at doses of 10 and 20 μg/mL. These data indicate that MSC/Rluc derived EVs have the potential to inhibit LLC.

In order to demonstrate the mechanism of cell death induced by EV treatment, we analyzed ERK, pERK, cleaved caspase 3, and cleaved PARP. The most important signaling molecule of the caspase cascade is caspase 3, which is a downstream effector caspase[@b57][@b58]. Activation of caspase 3 then leads to the cleavage of cellular substrates like PARP (poly (ADP)-ribose polymerase)[@b59]. In the present study, EV-MSC/Rluc treatment inhibited mitogenic signaling by downregulating pERK1/2 and activated apoptosis signaling by increasing cleaved caspase 3 and cleaved PARP. The EV-MSC/Rluc-mediated induction of apoptosis was also confirmed by flow cytometry with annexin V staining.

The advent of molecular imaging technologies, coupled with the development of cell-based therapies, has brought about a revolution in *in vivo* visualization. Among optical imaging tools, bioluminescence imaging with reporter genes is an indirect or direct labeling technique and is a promising method for visualizing biological targets in small animal models. Bioluminescence is generated by the conversion of chemical energy into visible light by the action of luciferase enzymes on their substrates[@b60][@b61][@b62][@b63]. In the current study, EV-MSC/Rluc isolated from MSC/Rluc were injected intratumorally and were well visualized with BLI upon addition of CTZ in the LLC xenograft tumor model. We confirmed that the bioluminescent EVs retained Rluc activity in the *in vivo* tumor model.

For EV treatment of tumors *in vivo*, LLC cells labeled with effluc were used and the therapeutic effect of EVs on the tumor xenograft was monitored non-invasively by BL imaging. EV-MSC/Rluc (50 μg) were administered twice with a 5 day interval by direct intratumor injection in the rapidly growing LLC tumors, and PBS was injected as the vehicle control. EVs could inhibit tumor growth and reduce tumor size. Previously, Bruno *et al.* injected MSC-derived MVs weekly in an established tumor and found tumor regression upon MV injection[@b15]. Our *in vivo* study also observed inhibition of tumor growth by EV-MSC/Rluc injection in LLC tumor xenografts.

In the current study, we visualized both the EVs and xenografts in animals in a non-invasive manner using two different luciferase reporter genes combined with the appropriate substrates and a two-color reporter system. This is an ideal system to visualize the therapeutic agent and the target together in the same animal and can be used to optimize EV therapy and other therapeutic options as well.

Additional studies are still needed to optimize the delivery of EVs to multiple tumors via systemic administration for better clinical translation. Technological improvements for culture and purification of EVs are needed to increase the efficiency of EV isolation and EV safety, in order to determine the feasibility of MSC-derived EV therapy. Optimization of EV therapy can improve the therapeutic effect either when used alone or in combination with other therapeutic modalities.

In the current study, an Rluc reporter system in MSC-derived EVs was successfully utilized and the presence of Rluc protein was confirmed in the EVs. EV-MSC/Rluc were non-invasively visualized in an LLC tumor xenograft model. In addition, the MSC-derived EVs were found to inhibit proliferation of LLC cells *in vitro* and to inhibit progression of LLC tumor xenografts *in vivo*. Thus, our findings suggest that MSC-derived EVs can be effective therapeutic agents against lung cancer.

Materials and Methods
=====================

Cell culture
------------

Mouse bone marrow-derived MSCs (Invitrogen, Carlsbad, CA, USA) were cultured in DMEM-F12 (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone), 1% gentamicin (GIBCO-BRL Life Technologies, Gaithersburg, MD, USA), and 1 × Glutamax (Invitrogen). The mouse lung cancer cell line, Lewis lung carcinoma (LLC), was obtained from the American Type Culture Collection (Manassas, VA, USA). The LLC cell line was cultured in DMEM-High (Hyclone) containing 10% fetal bovine serum and 1% penicillin-streptomycin. All cells were cultured at 37 °C in 5% CO~2~.

Transduction of the Rluc gene into MSCs
---------------------------------------

MSCs were transduced with lentiviral particles expressing Rluc under the control of the CMV promoter (Genecopoeia, Rockville, MD, USA) and then cells stably expressing Rluc were selected with 2 μg/mL puromycin (MSC/Rluc cells) for 2 weeks.

Confirmation of Rluc activity in MSC/Rluc cells
-----------------------------------------------

To confirm Rluc activity, MSCs and MSC/Rluc cells at were plated at various densities (1.25 × 10^4^, 2.5 × 10^4^, 5 × 10^4^, 1 × 10^5^, and 2 × 10^5^ cells/well) in a white and clear-bottom 24-well plate in DMEM-F12 medium. After 24 h, the substrate coelenterazine (CTZ) (Perkin Elmer, Waltham, MA, USA) was added to each well, and Rluc activity was determined by BLI (Bioluminesence imaging), using an IVIS Lumina II system (Caliper Life Sciences, Hopkinton, MA USA).

Characterization of MSC/Rluc cells and phenotype marker analysis
----------------------------------------------------------------

The selected MSC/Rluc cells were characterized for the presence of MSC-specific markers, which were analyzed by RT-PCR and western blotting. MSCs and MSC/Rluc (0.5 × 10^6^ cells) were incubated with 1 μg of phycoerythrin (PE)-conjugated primary antibodies (Sca-1, CD-29, CD117, and CD-34) or isotype-matched control immunoglobulin G (IgG1) (BD, Franklin Lakes, NJ, USA) at 4 °C for 30 min. Samples were analyzed by flow cytometry (BD Accuri C6; BD Biosciences, San Jose, CA, USA).

Differentiation of MSC and MSC/Rluc cells
-----------------------------------------

To confirm the differentiation of naïve MSCs and Rluc-labeled MSCs, we analyzed their osteogenic potential using a previously described protocol with slight modifications[@b64]. MSCs and Rluc-labeled MSCs (2 × 10^4^ cells/well) were seeded in 6-well plates and were incubated in osteogenic medium (DMEM-F12, FBS 5%, 50 μg/mL ascorbic acid, 10 mM β-glycerophosphate, 10 nM dexamethasone) for 14 days, with medium changes every 2--3 days. After 14 d, cells were fixed in 10% formalin and stained with 2% Alizarin Red S (Sigma Aldrich).

CCK-8 cell proliferation assay for naïve MSC and MSC/Rluc cells
---------------------------------------------------------------

An *in vitro* proliferation assay was performed on MSCs and MSC/Rluc cells using a CCK-8 assay kit (Dojindo Laboratories, Kumamoto, Japan). Briefly, MSCs and MSC/Rluc cells (5,000 cells/well) were plated in 96-well plates and were incubated for 48 h at 37 °C, 5% CO~2~. After 48 h, 10 μL of CCK-8 solution was added to each well followed by incubation for 1 h at 37 °C. Absorbance at 450 nm was then measured using a microplate reader.

Transduction of enhanced firefly luciferase (effluc) gene into LLC cells
------------------------------------------------------------------------

LLC cells were cultured in DMEM-High (Hyclone) supplemented with 10% fetal calf serum and 1% antibiotic-antimycotic solution (Gibco), at 37 °C and 5% CO~2~. LLC cells were transduced with effluc-expressing retroviral particles isolated from Phoenix A-effluc cells. The transduced LLC-effluc cells were sorted with magnetic beads bound to a CD90.1 MicroBeads (thy1) antibody (MACS, Miltenyi Biotec, South Korea) for selecting effluc positive cells, and their effluc activity was quantified by IVIS imaging using D-luciferin as a substrate.

Isolation of EVs
----------------

MSC and MSC/Rluc-derived EVs were isolated by an ultracentrifugation method. Briefly, MSCs and MSC/Rluc cells were cultured in the presence of FBS depleted of EVs (by centrifugation at 100,000 × *g* for 18 h at 4 °C). EVs were then purified from the cell-free supernatant according to a previously described protocol with slight modifications[@b65]. After 2--3 days of culture, the cell supernatants were collected and centrifuged at 300 × *g* for 10 min to remove live cells, then at 1500 × *g* for 15 min to remove cell debris, and finally at 2500 × *g* for 20 min to remove apoptotic bodies. This supernatant was filtered through a 0.45 μm syringe filter and centrifuged at 100,000 × *g* for 60 min at 4 °C to obtain EVs. To remove protein contamination, the EV pellet was washed by resuspension in phosphate buffered saline (PBS) followed by another centrifugation at 100,000 × *g* for 60 min. All centrifugations were performed at 4 °C. The residual pellet was resuspended in 50--100 μL of PBS, stored at −20 °C, and functional assays were performed within a week. Ultracentrifugation was performed (SW28 rotor; Ultra-Clear tube) using the Optima L-100 XP ultracentrifuge (Beckman Coulter, USA). The protein content of EVs was quantified by the bicinchoninic acid method (BCA kit, Pierce, Appleton, WI, USA).

Western blot analysis and dot blot for Rluc
-------------------------------------------

For western blot analysis, protein samples (30 to 80 μg) were separated using 10% SDS-PAGE and then were transferred to PVDF membranes (Millipore, USA). The blots were incubated with primary antibodies against Rluc (GeneTex, USA), Alix (Abcam), GM-130 (Abcam), calnexin (Abcam), CD63 (Abcam), pERK, ERK (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), cleaved caspase 3 (Cell Signaling Technology, USA), and cleaved PARP (Cell Signaling Technology, USA) followed by incubation with the appropriate HRP-tagged secondary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The protein-antibody complexes were visualized using an enhanced chemiluminescence kit (Pierce, USA). The dot blot method for detecting proteins was performed as described previously[@b66]. Here, Rluc protein was detected from EV-MSC/Rluc in PBS spotted onto nitrocellulose membranes at protein amounts of 4.5 and 9 μg, by a 2-h incubation with Rluc antibody followed by incubation with streptavidin-HRP conjugate and detection by chemiluminescence. *ImageJ* 1.38 software was used to quantify the band intensity (Windows version of NIH Image; <http://rsb.info.nih.gov/nih-image/>).

Transmission electron microscopy (TEM)
--------------------------------------

The MSC and MSC/Rluc EV pellets were obtained by ultracentrifugation and fixed at 4 °C overnight. The fixative contained 2.5% glutaraldehyde in 0.01 M phosphate buffer at pH 7.4 (filtered through 0.22 μm filters) and cells were washed with PBS. EVs were post-fixed in 1% OsO~4~ (Taab Laboratories Equipment Ltd.) for 30 min. EV pellets were washed with distilled water and dehydrated with graded ethanol solutions. EV pellets were negatively stained with 1% uranyl-acetate in 50% ethanol for 30 min and embedded in Taab 812 (Taab), followed by overnight polymerization at 60 °C and ultrasectioning for TEM. Ultrathin sections were examined and images were captured with a HT 7700 transmission electron microscope (Hitachi, Tokyo, Japan), operated at 100 kV.

Nanoparticle Tracking Analysis
------------------------------

EV-MSC and EV-MSC/Rluc resuspended in PBS were further diluted (1 μl/mL) in distilled water for measuring size distribution using the NanoSight LM10 instrument. This method is based on conventional optical microscopy and uses a laser light source to illuminate nano-scale particles. The EV solutions (1 mL) were introduced into the viewing unit using a disposable syringe. Enhanced with a perfect black background, individual particles appeared as point-scatters moving under Brownian motion. The Nanoparticle Tracking Analysis (NTA) software suite allowed automatic tracking and size determination of the nanoparticles on an individual basis. Results are displayed as a frequency size distribution graph.

Cellular uptake of EV-MSC/Rluc
------------------------------

The cellular uptake of EVs was analyzed by a modified chemical protocol[@b34]. EV-MSC/Rluc (20 μg) were incubated with DiD (Invitrogen) for 20 min at room temperature, followed by washing with PBS and ultracentrifugation. The supernatant was removed and pellets were resuspended in 50 μL of PBS. The DiD-labeled MSC/Rluc-EVs were incubated with LLC cells for 4 h at 37 °C under 5% CO~2~. After incubation, cells were washed twice with PBS and fixed in 4% paraformaldehyde for 10 min at room temperature. Samples were washed twice with PBS and mounted on a coverslip using Vecta mounting medium containing DAPI (Vector Laboratories, Burlingame, CA, USA). Cellular uptake of MSC-derived EVs was observed by confocal laser microscopy (Zeiss, LSM 5 exciter, Germany).

Effect of EV-MSC and EV-MSC/Rluc on LLC cell viability *in vitro*
-----------------------------------------------------------------

LLC-effluc cells were seeded at a density of 5,000 cells/well into 96-well plates in 100 μL/well of DMEM-high glucose with 10% FBS. After overnight incubation, the cells were treated with different concentrations of EV-MSC and EV-MSC/Rluc (5, 10, 20 μg) for 24 h and then LLC-effluc activity was assessed by IVIS imaging.

### Cancer cell viability by CCK assay

The cell viability of CT26, B16F10, TC-1, and 4T1 cancer cell lines was analyzed by CCK-8 assay kit after treatment with EV-MSC and EV-MSC/Rluc. The various cancer cells were seeded in 96-well plates at a density of 5 × 10^3^ cells per well. The EVs were added into the wells and incubated for 24 h. Further, the cells were grown in a CO~2~ incubator at 37 °C and 5% CO~2~. After 24 h, 10 μL of CCK-8 solution was added to each well followed by incubation for 1 h. Then, the absorbance at 450 nm was measured using a microplate reader (Bio-rad). The OD values were plotted.

Quantification of apoptosis by flow cytometry with Annexin V and PI staining
----------------------------------------------------------------------------

Apoptosis was assessed using Annexin V, a protein that binds to phosphatidylserine (PS) residues exposed on the surfaces of apoptotic cells. Annexin V-FITC/propidium iodide (PI) double-staining was performed with an Annexin V-FITC Kit (BD Bioscience, San Jose, CA, USA). LLC cells were treated with different concentrations of EVs for 24 h. The cells were then trypsinized, rinsed twice with PBS, and resuspended in 1 × binding buffer. These cells were labeled with 10 μL of FITC-conjugated Annexin V antibody and 10 μL of propidium iodide. The cells were incubated for 20 min in the dark at 37 °C, and then 450 μL of binding buffer was added and the samples were immediately analyzed with a flow cytometer (BD Bioscience). The Annexin V-FITC−/PI− cell population was considered normal, whereas the Annexin V-FITC+/PI− and Annexin V-FITC+/PI+ cell populations were indicative of early and late apoptotic cells, respectively.

*In vivo* visualization of EV-MSC/Rluc and anti-tumor effects of EVs on LLC tumors
----------------------------------------------------------------------------------

LLC-effluc cells (1 × 10^6^) were subcutaneously implanted into male C57BL/6 mice (Charles River, Jackson Laboratories). Tumors were allowed to grow for 2--3 weeks after implantation, and tumor establishment was assessed by measuring effluc activity using IVIS bioluminescence imaging. Animals with tumors exhibiting near similar photon flux values were used for EV treatment. The treatment protocol used for this study has been described previously, with slight modifications[@b15]. Mice were randomized into two treatment groups: (1) the control group was injected with vehicle (PBS) alone (n = 3); (2) the EV group received intratumoral injections of EVs (n = 3). The intratumor injection of EV-MSC/Rluc was initiated on day 21 after xenograft implantation. The first treatment was 50 μg of EV-MSC/Rluc in 25 μL of PBS. IVIS bioluminescence imaging was performed to assess the *in vivo* Rluc activity of the injected EV-MSC/Rluc. The second dose on day 26 after xenograft implantation was identical to the dosage given in the first treatment. LLC-effluc activity was monitored on days 26 and 32. Five days after the second EV treatment dose, the mice were sacrificed and tumors were harvested to examine *ex vivo* effluc activity and tumor weight.

Ethics Statement
----------------

All described procedures were reviewed and approved by Kyungpook National University (KNU-2012-43) Animal Care and Use Committee, and performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.

Statistical analysis
--------------------

All data are expressed as means ± standard deviation (SD). Data from the two experimental groups were analyzed by t-test using GraphPad Prism5 software version 5.01 (GraphPad Software, Inc. USA). A *P value* less than 0.05 was considered statistically significant.
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![Characterization of EV-MSC and 1 EV-MSC/Rluc.\
(**A**) Coomassie Brilliant Blue staining. Protein was isolated from naïve MSC and MSC/Rluc cells and their EVs. Equivalent amounts (50 μg) of protein were run on a 10% SDS gel and stained with Coomassie blue. (**B**) Western blotting analysis of EV marker proteins. ALIX and CD63, positive EV marker proteins, were detected in the MSC/Ruc EV. GM-130 (golgi marker) and calnexin (endoplasmic reticulum marker), negative marker proteins for EV, was not detected in MSC/Rluc EVs. (**C**) Analysis of EV-MSC and EV-MSC/Rluc by TEM. Image shows EVs with lipid-bilayer (Scale bars, 100 nm), (**D**) EV-MSC and EV-MSC/Rluc size analyzed by NanoSight. Data are expressed as the mean ± standard deviation (SD) of three independent experiments.](srep30418-f1){#f1}

![Rluc activity and Rluc protein expression in EV-MSC and EV-MSC/Rluc.\
(**A**) Representative *BLI* of Renilla luciferase activity of EV-MSC and EV-MSC/Rluc. *BLI* was performed with different concentration of MSC- and MSC/Rluc-derived EVs in a 96 well plate. (**B**) Quantitative Rluc activity of EV-MSC and EV-MSC/Rluc. Data are expressed as the mean ± standard deviation (SD) of three independent experiments. (**C**) Western blot detection of Rluc protein. Rluc protein expression was analyzed in EV-MSC and EV-MSC/Rluc. Alix was immunoprobed as a loading control (**D**) Dot blot detection of Rluc protein in EV-MSC/Rluc.](srep30418-f2){#f2}

![Cellular internalization analysis of MSC/Rluc derived EV into LLC cells by confocal microscopy.\
LLC cells were incubated with 20 μg of MSC/Rluc-derived EVs that were labelled with DiD for 4 h. Without EV-MSC/Rluc was used as negative control. Scale bar = 10 μm.](srep30418-f3){#f3}

![Effect of EV-MSC and EV-MSC/Rluc on LLC-1 effluc activity, and apoptosis mechanism.\
(**A**,**C**) Representative *BLI* of EV-MSC and MSC/Rluc-EV-treated LLC-effluc activity. The viability of LLC-effluc cells decreased with increasing concentration of EV-MSC and EV-MSC/Rluc. (**B**,**D**) Quantitative effluc activity of LLC-effluc cells. (**E**) Annexin V and PI staining for analyzing LLC cell apoptosis. The percentage of apoptotic cells was increased after treatment with 10 or 20 μg/mL of EV-MSC/Rluc for 24 h. (**F**) Representative western blot analyzing pERK1/2, cleavage of apoptosis markers caspase 3 and PARP levels in EV MSC/Rluc-treated LLC cells. The fold changes were normalized for pERK with total ERK. Cleaved PARP and cleaved caspase 3 normalized with β-actin. Data are expressed as the mean ± standard deviation (SD) of three independent experiments, \*p \< 0.05, \*\*p \< 0.01., \*\*\*p \< 0.001 (by Student's *t*-test).](srep30418-f4){#f4}

![*In vivo* and *ex vivo BLI* to monitor the effect of EV-MSC/Rluc treatment.\
(**A**) BLI of tumor LLC-effluc activity in mice subcutaneously injected with 1 × 106 LLC-effluc cells and treated with vehicle or EV-MSC/Rluc (50 μg) twice. (**B**) Quantitative BLI of LLC-effluc activity. (**C**) Tumor weight. (**D**) *BLI* imaging of LLC-effluc activity from *ex viv*o tumors (**E**) *Ex vivo* quantitative *BLI* of LLC-effluc activity. Values are expressed as the mean ± standard deviation (SD), \*p \< 0.05, \*\*p \< 0.01 (by Student's *t*-test).](srep30418-f5){#f5}
